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Rationale$FFXPXODWLQJHYLGHQFHLPSOLFDWHVLQIODPPDWLRQLQSXOPRQDU\DUWHULDOK\SHUWHQVLRQ3$+DQG
WKHUDSLHV WDUJHWLQJ LPPXQLW\ DUH XQGHU LQYHVWLJDWLRQ WKRXJK LW UHPDLQV XQNQRZQ LI GLVWLQFW LPPXQH
SKHQRW\SHVH[LVW

Objective,GHQWLI\3$+LPPXQHSKHQRW\SHVEDVHGRQXQVXSHUYLVHGDQDO\VLVRIEORRGSURWHRPLFSURILOHV

Methods and Results,QDSURVSHFWLYHREVHUYDWLRQDOVWXG\RI*URXS3$+SDWLHQWVHYDOXDWHGDW6WDQIRUG
8QLYHUVLW\GLVFRYHU\FRKRUWQ DQG8QLYHUVLW\RI6KHIILHOGYDOLGDWLRQFRKRUWQ EHWZHHQ
ZHPHDVXUHGDFLUFXODWLQJSURWHRPLFSDQHORIF\WRNLQHVFKHPRNLQHVDQGIDFWRUVXVLQJPXOWLSOH[
LPPXQRDVVD\ 8QVXSHUYLVHG PDFKLQH OHDUQLQJ FRQVHQVXV FOXVWHULQJ ZDV DSSOLHG LQ ERWK FRKRUWV
LQGHSHQGHQWO\WRFODVVLI\SDWLHQWVLQWRSURWHRPLFLPPXQHFOXVWHUVZLWKRXWJXLGDQFHIURPFOLQLFDOIHDWXUHV
7R LGHQWLI\FHQWUDOSURWHLQV LQHDFKFOXVWHUZHSHUIRUPHGSDUWLDO FRUUHODWLRQQHWZRUNDQDO\VLV&OLQLFDO
FKDUDFWHULVWLFVDQGRXWFRPHVZHUHVXEVHTXHQWO\FRPSDUHGDFURVVFOXVWHUV)RXU3$+FOXVWHUVZLWKGLVWLQFW
SURWHRPLFLPPXQHSURILOHVZHUHLGHQWLILHGLQWKHGLVFRYHU\FRKRUW&OXVWHUQ KDGORZF\WRNLQH
OHYHOV VLPLODU WR FRQWUROV 2WKHU FOXVWHUV KDG XQLTXH VHWV RI XSUHJXODWHG SURWHLQV FHQWUDO WR LPPXQH
QHWZRUNV±FOXVWHUQ 75$,/&&/&&/&&/0,)FOXVWHUQ ,/,/,/,/
 9(*) DQG FOXVWHU  Q ,/ ,/ 3'*)E ,/ &&/ 'HPRJUDSKLFV 3$+ HWLRORJLHV
FRPRUELGLWLHVDQGPHGLFDWLRQVZHUHVLPLODUDFURVVFOXVWHUV1RQLQYDVLYHDQGKHPRG\QDPLFVXUURJDWHVRI
FOLQLFDO ULVN LGHQWLILHG FOXVWHU  DV KLJKULVN DQG FOXVWHU  DV ORZULVN JURXSV)LYH\HDU WUDQVSODQWIUHH
VXUYLYDOUDWHVZHUHXQIDYRUDEOHIRUFOXVWHU&,DQGIDYRUDEOHIRUFOXVWHU
&,DFURVVFOXVWHUS)LQGLQJVZHUHUHSOLFDWHGLQWKHYDOLGDWLRQFRKRUWZKHUHPDFKLQH
OHDUQLQJFODVVLILHGIRXULPPXQHFOXVWHUVZLWKFRPSDUDEOHSURWHRPLFFOLQLFDODQGSURJQRVWLFIHDWXUHV

Conclusions%ORRGF\WRNLQHSURILOHVGLVWLQJXLVK3$+LPPXQHSKHQRW\SHVZLWKGLIIHULQJFOLQLFDOULVNWKDW
DUH LQGHSHQGHQW RI :RUOG +HDOWK 2UJDQL]DWLRQ *URXS  VXEW\SHV 7KHVH SKHQRW\SHV FRXOG LQIRUP
PHFKDQLVWLF VWXGLHV RI GLVHDVH SDWKRELRORJ\ DQG SURYLGH D IUDPHZRUN WR H[DPLQH SDWLHQW UHVSRQVHV WR
HPHUJLQJWKHUDSLHVWDUJHWLQJLPPXQLW\

.H\:RUGV
3XOPRQDU\K\SHUWHQVLRQLQIODPPDWLRQF\WRNLQHSKHQRW\SHFODVVLILFDWLRQPDFKLQHOHDUQLQJSURWHRPLFV
F\WRNLQHVDQGJURZWKIDFWRU

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(&  SXOPRQDU\DUWHU\HQGRWKHOLDOFHOO
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0),  PHGLDQIOXRUHVFHQFHLQWHQVLW\
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64/  VWUXFWXUHGTXHU\ODQJXDJH
7$36( WULFXVSLGDQQXODUSODQHV\VWROLFH[FXUVLRQ
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
3XOPRQDU\DUWHULDOK\SHUWHQVLRQ3$+LVDKHWHURJHQHRXVGLVRUGHUWKDWUDUHO\SUHVHQWVLQLVRODWLRQ
DQGLVPRUHFRPPRQO\DVVRFLDWHGZLWKDUDQJHRISUHGLVSRVLQJIDFWRUVLQFOXGLQJJHQHWLFPXWDWLRQVGUXJ
RUWR[LQH[SRVXUHVDQGYDULRXVV\VWHPLFGLVHDVHV7KH:RUOG+HDOWK2UJDQL]DWLRQ:+2FODVVLILFDWLRQ
GHILQHV*URXS3$+VXEW\SHVDFFRUGLQJWRHWLRORJ\DSUDFWLFDOV\VWHPWKDWKDVFXOWLYDWHGSURGXFWLYH
GLDORJXHDPRQJFOLQLFLDQVDQGVKDSHGWKHFXUUHQWDSSURDFKWRSDWLHQWFDUH+RZHYHUWKLVEURDGFOLQLFDO
FODVVLILFDWLRQ PD\ LJQRUH VXEWOH SDWKRSK\VLRORJLF GLIIHUHQFHV DFURVV SDWLHQWV WKDW FRXOG FRQWULEXWH WR
REVHUYHGYDULDWLRQLQUDWHVRIGLVHDVHSURJUHVVLRQDQGRXWFRPHV0RUHRYHUFOLQLFDO3$+VXEFODVVHVQHLWKHU
LQIRUP WKHUDS\ VHOHFWLRQ QRU IRUHFDVW WKH GLYHUVH UHVSRQVHV WR WUHDWPHQW 7R DGGUHVV DQG GHFRQVWUXFW
VRXUFHVRIGLVHDVHKHWHURJHQHLW\3$+FRQVHQVXVVWDWHPHQWVKDYHFDOOHGIRUµGHHSSKHQRW\SLQJ¶DSSURDFKHV
WKDWFHQWHURQKLJKWKURXJKSXWPROHFXODUGDWDDQGOHYHUDJHPRGHUQFRPSXWDWLRQDOWRROV,GHQWLILFDWLRQRI
3$+ HQGRSKHQRW\SHV PD\ WUDQVODWH WR SDWLHQW FODVVLILFDWLRQ VFKHPHV WKDW VLW FORVHU WR XQGHUO\LQJ
SDWKRELRORJ\DVVLVWLQFOLQLFDOWULDOFRKRUWVHOHFWLRQDQGSDYHDURDGWRSUHFLVLRQPHGLFLQH

$QH[SDQGLQJERG\RINQRZOHGJH LQGLFDWHV WKDW LQIODPPDWLRQDQGDXWRLPPXQLW\XQGHUOLH3$+
SDWKRJHQHVLV3UHFOLQLFDOZRUNVXJJHVWVWKDWDEHUUDQWUHSDUDWLYHLPPXQLW\DQGORVVRIVHOIWROHUDQFHUHVXOW
LQH[XEHUDQWLQIODPPDWLRQZKLFKDSSHDUVWRSHUSHWXDWHYDVFXODULQMXU\DQGUHPRGHOLQJ,Q3$+SDWLHQWV
LQIODPPDWRU\FHOOVORFDOL]HDURXQGUHPRGHOHGOXQJYHVVHOVDQGOHYHOVRIPXOWLSOHF\WRNLQHVDUHDEQRUPDOO\
HOHYDWHG LQ SHULSKHUDO EORRG  ,PPXQLW\ PD\ WKHUHIRUH RIIHU D ORJLFDO SODWIRUP IRU 3$+ PROHFXODU
SKHQRW\SLQJ,WUHPDLQVXQNQRZQLIGLIIHUHQWGHJUHHVDQGIRUPVRILQIODPPDWLRQH[LVWDFURVVSDWLHQWVRU
ZKHWKHU:+2*URXSVXEW\SHVKDYHFKDUDFWHULVWLFLPPXQHSURILOHV7KHFLUFXODWLQJLPPXQHPLOLHXKDV
QRWEHHQLQYHVWLJDWHGDFURVVVXEW\SHVRUH[DPLQHGDVDPXOWLYDULDEOHSURILOHZLWKV\VWHPEDVHGDQDO\VLV
DVH[LVWLQJVWXGLHVKDYHRQO\DVVHVVHGWKHSURJQRVWLFVLJQLILFDQFHRILQGLYLGXDOLQIODPPDWRU\PDUNHUVLQ
LGLRSDWKLF3$+7KHVHVWXGLHVDQGRWKHUUHSRUWHGPROHFXODUSKHQRW\SLQJHIIRUWVWRGDWHKDYHLQKHUHQW
OLPLWDWLRQV DV DQDO\VHV DUH DQFKRUHG WR VSHFLILF FOLQLFDO GHILQLWLRQV DQG 3$+ VXEW\SHV WKDW PD\ QRW
DGHTXDWHO\UHIOHFWGLVHDVHKHWHURJHQHLW\µ8QVXSHUYLVHG¶SKHQRW\SLQJLVDPRUHDJQRVWLFVWUDWHJ\ZKHUH
PROHFXODU SURILOHV GLUHFWO\ GHILQH SKHQRW\SHV WKDW DUH VXEVHTXHQWO\ UHODWHG WR FOLQLFDO FKDUDFWHULVWLFV
7KHVHPROHFXODUSKHQRW\SHVFDQEHLGHQWLILHGE\PDFKLQHOHDUQLQJZKLFKLVWKHLQIHUHQFHRIVXEVWUXFWXUH
LQFRPSOH[XQODEHOHGGDWDZLWKFRPSXWHUDOJRULWKPV

8QVXSHUYLVHG LPPXQH SKHQRW\SLQJ HIIRUWV DUH ZDUUDQWHG WR GHWHUPLQH LI LQIODPPDWLRQ LV DQ
LPSRUWDQW VRXUFH RI KHWHURJHQHLW\ DQG D YLDEOH IUDPHZRUN IRU SDWLHQW FODVVLILFDWLRQ LQ 3$+ :H
K\SRWKHVL]HGWKDWLPPXQHKHWHURJHQHLW\H[LVWVIRUDOOIRUPVRI*URXS3$+DQGWKDWSDWLHQWVXEVHWVPD\
H[SUHVV GLVWLQFW SDWWHUQV RI LQIODPPDWLRQ LQ EORRG ,Q WKLV VWXG\ ZH DLPHG WR LGHQWLI\ 3$+ LPPXQH
SKHQRW\SHVE\XVLQJXQVXSHUYLVHGPDFKLQH OHDUQLQJ WRFODVVLI\SDWLHQWVEDVHGRQFLUFXODWLQJSURWHRPLF
SURILOHV RI F\WRNLQHV FKHPRNLQHV DQG JURZWK IDFWRUV :H SRVWXODWHG WKDW WKLV PROHFXODU SKHQRW\SLQJ
DSSURDFKPD\LGHQWLI\LPPXQHSKHQRW\SHVWKDWKDYHGLVWLQFWSURWHRPLFSURILOHVDUHLQGHSHQGHQWRI*URXS
3$+VXEW\SHVDQGDVVRFLDWHGZLWKGLIIHULQJFOLQLFDOGLVHDVHVHYHULW\DQGRXWFRPHV
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Data sharing. 
'HLGHQWLILHG SURWHRPLF DQG FOLQLFDO GDWD VXSSRUWLQJ WKH ILQGLQJV RI WKLV VWXG\ DUH DYDLODEOH IURP WKH
FRUUHVSRQGLQJDXWKRUXSRQDSSURSULDWHUHTXHVW

Study population and design. 
,QWKLVSURVSHFWLYHREVHUYDWLRQDOVWXG\RI*URXS3$+SDWLHQWVZKRKDGSHULSKHUDOEORRGELREDQNHGDW
6WDQIRUG 8QLYHUVLW\ EHWZHHQ  GLVFRYHU\ FRKRUW, Q  DQG WKH 8QLYHUVLW\ RI 6KHIILHOG
EHWZHHQH[WHUQDOYDOLGDWLRQFRKRUW, Q DSURWHRPLFLPPXQHSDQHOZDVPHDVXUHGDQG
XWLOL]HG IRU XQVXSHUYLVHG PROHFXODU SKHQRW\SLQJ 3$+ ZDV FRQILUPHG KHPRG\QDPLFDOO\ ZLWK PHDQ
SXOPRQDU\ DUWHULDO SUHVVXUH P3$3  PP+J SXOPRQDU\ YDVFXODU UHVLVWDQFH 395 !
G\QHVāVHFFPDQGSXOPRQDU\DUWHULDOZHGJHSUHVVXUHPP+J7KHGLVFRYHU\FRKRUWLQFOXGHGSDWLHQWV
ZLWK LQFLGHQWWUHDWPHQWQDwYHDQGSUHYDOHQW3$+RQWKHUDS\3HULSKHUDOYHQRXVEORRGZDVFROOHFWHG
IURP WKH DQWHFXELWDO IRVVD GXULQJ GLDJQRVWLF RU VXUYHLOODQFH FDUGLDF FDWKHWHUL]DWLRQ WKHQ SODVPD ZDV
SURFHVVHGDQGVWRUHGLQWKH6WDQIRUG3XOPRQDU\+\SHUWHQVLRQ%LREDQNRQOLQHVXSSOHPHQWS2ISDWLHQWV
ZLWKDYDLODEOHVDPSOHVQ ZHH[FOXGHGWKRVHZLWKFKURQLFLQIHFWLRQVQ DFWLYHPDOLJQDQF\Q 
SULPDU\LPPXQRGHILFLHQF\Q RUDFXWHLOOQHVVRWKHUWKDQGHFRPSHQVDWHGULJKWKHDUWIDLOXUHZLWKLQRQH
PRQWK RI VDPSOLQJ Q  7KH 9HUD 0RXOWRQ :DOO &HQWHU VWUXFWXUHG TXHU\ ODQJXDJH 64/ UHODWLRQDO
GDWDEDVHRQOLQHVXSSOHPHQWSZDVXVHGWRFDSWXUHSDWLHQWGHPRJUDSKLFV3$+HWLRORJ\FRPRUELGLWLHV
FOLQLFDO GLVHDVH PHWULFV DYDLODEOH ZLWKLQ RQH PRQWK RI EORRG VDPSOLQJ QRQLQYDVLYH PDUNHUV DQG
KHPRG\QDPLFV EDFNJURXQG WKHUDSLHV DQG VXUYLYDO GDWD 3ODVPD ZDV DOVR REWDLQHG IRU SURWHRPLF
PHDVXUHPHQWVIURPDJHPDWFKHGKHDOWK\FRQWUROVQ ZKRZHUHVFUHHQHGDW6WDQIRUGE\TXHVWLRQQDLUH
EORRGZRUN HFKRFDUGLRJUDSK\ DQG PXOWLVLWH YDVFXODU XOWUDVRXQG RQOLQH VXSSOHPHQW S 9DOLGDWLRQ
FRKRUW3$+VDPSOHVZHUHFROOHFWHGIURPWUHDWPHQWQDwYHVXEMHFWVDWWKHWLPHRIGLDJQRVWLFFDWKHWHUL]DWLRQ
WKHQ VWRUHG LQ WKH 6KHIILHOG 3XOPRQDU\ 9DVFXODU 'LVHDVH 8QLW ELREDQN RQOLQH VXSSOHPHQW S
9DOLGDWLRQFRKRUWFOLQLFDOIHDWXUHVZHUHREWDLQHGIURPD64/GDWDEDVHWKDWOLQNV8QLYHUVLW\RI6KHIILHOG
KRVSLWDO UHFRUGV DQG VXUYLYDO GDWD IURP 1DWLRQDO +HDOWK 6HUYLFH 'LJLWDO RQOLQH VXSSOHPHQW S
&RPRUELGLW\DQG17SUR%13GDWDZHUHXQDYDLODEOHLQWKHYDOLGDWLRQFRKRUWDQGWKHLQFUHPHQWDOVKXWWOH
ZDONWHVWDPEXODWLRQDURXQGFRQHVQLQHPHWHUVDSDUWDWH[WHUQDOO\FXHGVSHHGWKDWLVHVFDODWHGXQWLOSDWLHQW
IDWLJXHVRUIDLOVWRNHHSSDFHZDVXVHGLQSODFHRIWKHVL[PLQXWHZDONWRDVVHVVIXQFWLRQDOFDSDFLW\

,Q WKH GLVFRYHU\ FRKRUW WKH LPPXQH SKHQRW\SLQJ DSSURDFK HQWDLOHG L XQVXSHUYLVHG PDFKLQH OHDUQLQJ
FRQVHQVXVFOXVWHULQJWRLGHQWLI\3$+FOXVWHUVEDVHGRQSURWHRPLFLPPXQHSURILOHVZLWKRXWJXLGDQFHIURP
FOLQLFDOGDWDWKHQLLSURWHRPLFQHWZRUNDQDO\VLVWRDVFHUWDLQFHQWUDOSURWHLQVLQGLVFRYHUHGFOXVWHUVDQG
LLLFRPSDULVRQRIFOLQLFDOIHDWXUHVDFURVVFOXVWHUV)LJXUH$:HWKHQUHDSSOLHGXQVXSHUYLVHGFRQVHQVXV
FOXVWHULQJ LQ WKHYDOLGDWLRQFRKRUW WRGHWHUPLQH LI WKHDSSURDFK\LHOGHG LPPXQHFOXVWHUVZLWKF\WRNLQH
SURILOHVDQGFOLQLFDOFKDUDFWHULVWLFVVLPLODUWRWKRVHLGHQWLILHGLQWKHGLVFRYHU\VWDJH)LJXUH%

Proteomic measurement and pre-processing. 
:H PHDVXUHG D SDQHO RI  F\WRNLQHV FKHPRNLQHV DQG JURZWK IDFWRUV XVLQJ WKH %LR3OH[ PXOWLSOH[
LPPXQRDVVD\ %LR5DG ,QF +HUFXOHV &$2QOLQH 7DEOH , D PDJQHWLF EHDGEDVHG IORZ F\WRPHWULF
SODWIRUPEXLOWRQ/XPLQH[[0$3WHFKQRORJ\/XPLQH[&RUSRUDWLRQ$XVWLQ7;WKDWVLPXOWDQHRXVO\
TXDQWLILHVQXPHURXVSURWHLQVLQVDPSOHV2XULPPXQRDVVD\SURWRFRODGKHUHGWRPDQXIDFWXUHULQVWUXFWLRQV
RQOLQH VXSSOHPHQW S 0HGLDQ IOXRUHVFHQFH LQWHQVLW\ 0), ZDV GHWHFWHG IRU HDFK SURWHLQ ZLWK D
/XPLQH[LQVWUXPHQW:HGLGQRWGHULYHDEVROXWHSURWHLQFRQFHQWUDWLRQIURPWKLVVLJQDODV0),GRHV
QRW UHTXLUH GHWHFWLRQ OLPLW FHQVRULQJ EHWWHU TXDQWLILHV DQDO\WHV ZLWK ORZ DEXQGDQFH DQG KDV JUHDWHU
VWDWLVWLFDO SRZHU LQ GRZQVWUHDP DQDO\VLV 'DWD SUHSURFHVVLQJ LQYROYHG EDFNJURXQG IOXRUHVFHQFH
VXEWUDFWLRQDQGUREXVWTXDQWLOHQRUPDOL]DWLRQ:HDGMXVWHGIRUSODWHDQGEDWFKHIIHFWVE\HPSLULFDO%D\HV
PHWKRGRORJ\ RQOLQH VXSSOHPHQW S DQG YLVXDOL]HG DGMXVWPHQWV ZLWK SULQFLSDO FRPSRQHQW DQDO\VLV
2QOLQH)LJXUH,$OOGDWDZHUHSUHSURFHVVHGDQGDQDO\]HGZLWK5VRIWZDUHYHUVLRQ 
'2,&,5&5(6$+$

Immune cluster identification: Unsupervised machine learning. 
:H XWLOL]HG XQVXSHUYLVHG FRQVHQVXV FOXVWHULQJ WR VRUW 3$+ SDWLHQWV LQWR FOXVWHUV EDVHG RQ SURWHRPLF
LPPXQH SURILOHV RQOLQH VXSSOHPHQW S 7KLV UHVDPSOLQJEDVHG DQDO\VLV IUDPHZRUN JXLGHV DQ\
FOXVWHULQJDOJRULWKP WRDFKLHYHPRUH UREXVWGDWDSDUWLWLRQLQJ$FURVV UXQVRI D VSHFLILHGFOXVWHULQJ
DOJRULWKPRQQXPHURXVGDWDVHWVXEVDPSOHVFOXVWHUDVVLJQPHQWVWDELOLW\LVREMHFWLYHO\DVVHVVHGWRGHWHUPLQH
WKH QXPEHU RI FOXVWHUV ZLWKRXW a priori NQRZOHGJH :H LPSOHPHQWHG FRQVHQVXV FOXVWHULQJ ZLWK 
UHVDPSOLQJ LWHUDWLRQV  RI SDWLHQWVVXEVDPSOH RYHU D FOXVWHU QXPEHU k UDQJH RI k= 7KH k 
RSWLPL]LQJFOXVWHULQJVWDELOLW\ZDVDVFHUWDLQHGE\DQDO\]LQJFRQVHQVXVPDWUL[KHDWPDSV2QOLQH)LJXUH
,,$FRQVHQVXVFXPXODWLYHGLVWULEXWLRQIXQFWLRQV2QOLQH)LJXUH,,%DQGWKHSURSRUWLRQRIDPELJXRXVO\
FOXVWHUHGSDLUV2QOLQH7DEOH,,7RµWXQH¶GLVFRYHU\FRKRUWFRQVHQVXVFOXVWHULQJZHLQGHSHQGHQWO\
DSSOLHGWKUHHDOJRULWKPVNPHDQVNPHGRLGVKLHUDUFKLFDOZLWKILYHGLIIHUHQWGLVWDQFHPHWULFVWRWDO
FRPELQDWLRQV DQG GHWHUPLQHG ZKLFK LQSXW SDUDPHWHUV UHWXUQHG FOXVWHUV ZLWK WKH EHVW LQWHUQDO YDOLGLW\
VWDWLVWLFV2QOLQH7DEOH,,,%DVHGRQWKLVWXQLQJFRQVHQVXVFOXVWHULQJZDVXOWLPDWHO\DSSOLHGZLWKWKHN
PHGRLGVDOJRULWKPDQG(XFOLGHDQGLVWDQFHLQERWKFRKRUWV7RHYDOXDWHWKHIDFHYDOLGLW\RIILQDOFOXVWHUV
FRQILUP EHWZHHQFOXVWHU SURWHRPLF YDULDQFH DQG FRPSDUH SURILOHV EHWZHHQ GLVFRYHU\ DQG YDOLGDWLRQ
FOXVWHUVSDWLHQWOHYHOGDWDZDVYLVXDOL]HGZLWKSULQFLSDOFRPSRQHQWDQDO\VLVDQGVWDQGDUGL]HGKHDWPDSV

Proteomic network analysis by cluster. 
$ZHLJKWHGSURWHLQSURWHLQSDUWLDOFRUUHODWLRQQHWZRUNZDVFRQVWUXFWHGDVDIRUFHGLUHFWHGJUDSKIRUHDFK
GLVFRYHU\FRKRUWFOXVWHUWRH[DPLQHPXOWLYDULDEOHSURWHRPLFUHODWLRQVKLSVPDSRXWPXOWLFROOLQHDULW\DQG
LGHQWLI\ FHQWUDO QHWZRUN F\WRNLQHV *DXVVLDQ JUDSKLFDO PRGHOLQJRQOLQH VXSSOHPHQW S 3DUWLDO
FRUUHODWLRQVZHUHFDOFXODWHGIRUHDFKRIWKHSURWHLQSURWHLQSDLUVFRQWUROOLQJIRULQWHUDFWLRQVZLWKDOO
RWKHU SURWHRPLF FRYDULDWHV 7KH )UXFKWHUPDQ5HLQJROG PRGHOLQJ DOJRULWKP ZDV XVHG WR JUDSK IRUFH
GLUHFWHGQHWZRUNVZKHUHHDFKPHDVXUHGSURWHLQZDVDQHWZRUNQRGHDQGSDUWLDO FRUUHODWLRQVZHUH
UHSUHVHQWHGE\ZHLJKWHGHGJHVWKDWFRQQHFWHGQRGHSDLUV1RGHVEHKDYHGOLNHDWRPLFSDUWLFOHVDQGQDWXUDOO\
UHSXOVHG HDFK RWKHU ZKLOH HGJHV DWWUDFWHG QRGH SDLUV ZLWK VSULQJOLNH IRUFHV WKDW UHIOHFWHG SDUWLDO
FRUUHODWLRQV7KHDOJRULWKPIRXQGWKHQHWZRUNFRQILJXUDWLRQZLWKPLQLPDOHQHUJ\FORVHVWWRHTXLOLEULXP
6DWXUDWHG QHWZRUNV ZHUH LQLWLDOO\ FRQVWUXFWHG ZLWK DOO HGJHV UHWDLQHG UHJDUGOHVV RI SDUWLDO FRUUHODWLRQ
ZHLJKWV7R OLPLW IDOVHSRVLWLYHHGJHVDQGGUDZ LQWHUSUHWDEOH µVSDUVHFRUHQHWZRUNV¶JUDSKLFDO/$662
UHJXODUL]DWLRQZDVDSSOLHGZLWKPRGHOVHOHFWLRQE\WKHH[WHQGHG%D\HVLDQLQIRUPDWLRQFULWHULRQ1HWZRUN
QRGHFHQWUDOLW\LQGLFHVVWUHQJWKFORVHQHVVDQGEHWZHHQQHVVZHUHFDOFXODWHGWRLGHQWLI\FHQWUDOSURWHLQV
LQHDFKFOXVWHUQHWZRUN

Clinical comparison of clusters. 
&OLQLFDOFKDUDFWHULVWLFVDWEORRGVDPSOLQJZHUHFRPSDUHGDFURVVFOXVWHUVE\DSSO\LQJWKHRQHZD\$129$
RU.UXVNDO:DOOLVWHVWIRUFRQWLQXRXVYDULDEOHVDQGWKHFKLVTXDUHRU)LVKHU¶VH[DFWWHVWIRUFDWHJRULFDOGDWD
:KHQ DFURVVFOXVWHU GLIIHUHQFHV ZHUH VWDWLVWLFDOO\ VLJQLILFDQW S ZH SHUIRUPHG SDLUZLVH FOXVWHU
FRPSDULVRQV'XQQ¶VWHVWRULQGHSHQGHQWWZRFOXVWHUWHVWVDVDSSOLFDEOHDQGDGMXVWHGSYDOXHVIRUPXOWLSOH
WHVWLQJ %HQMDPLQL+RFKEHUJ PHWKRG ,Q WKH GLVFRYHU\ FRKRUW WKH RXWFRPH RI WLPH WR GHDWK RU OXQJ
WUDQVSODQWDWLRQIURPEORRGVDPSOLQJZDVDVVHVVHG3DWLHQWVZLWKRXWHYHQWVZHUHULJKWFHQVRUHGDWWKHLUODVW
HQFRXQWHU SUHFHGLQJ GDWD ORFN $XJXVW  .DSODQ0HLHU HVWLPDWHV RI WUDQVSODQWIUHH VXUYLYDO ZHUH
FRPSDUHGDFURVV3$+FOXVWHUVE\ORJUDQNWHVW,QVHQVLWLYLW\DQDO\VLVZHUHSHDWHG.DSODQ0HLHUHVWLPDWHV
DPRQJWUHDWPHQWQDwYHSDWLHQWV,QWKHYDOLGDWLRQFRKRUWWKHRXWFRPHRIWLPHWRGHDWKZDVDVVHVVHGGXULQJ
WKH ILYH\HDU SHULRG WKDW IROORZHG EORRG VDPSOLQJ 9DOLGDWLRQ .DSODQ0HLHU VXUYLYDO DQDO\VLV GLG QRW
UHTXLUHFHQVRULQJDVGHDWKGDWDZDVFDSWXUHGIURPWKH1+6'LJLWDOIRUDOOVXEMHFWVLQFOXGLQJWKRVHORVWWR
IROORZXS DW 8QLYHUVLW\ RI 6KHIILHOG ,Q SRROHG DQDO\VLV DFURVV GLVFRYHU\ DQG YDOLGDWLRQ FRKRUWV ZH
SHUIRUPHGPXOWLYDULDEOH&R[SURSRUWLRQDOKD]DUGVPRGHOLQJWRDVVHVVWKHILYH\HDUULVNRIGHDWKDVVRFLDWHG
ZLWK HDFK LPPXQH FOXVWHU DGMXVWHG IRU DJH VH[ 3$+ HWLRORJ\ DQG RWKHU FOLQLFDO FRYDULDWHV ZLWK
VLJQLILFDQFH LQ XQLYDULDWH DQDO\VLV H[DPLQHG YDULDEOHV LQFOXGHG WUHDWPHQW VWDWXV IXQFWLRQDO FODVV DQG
KHPRG\QDPLFSDUDPHWHUV
'2,&,5&5(6$+$

Sample size estimation and bias minimization. 
*LYHQWKHH[SORUDWRU\QDWXUHRIWKLVVWXG\DQGRXUPHWKRGRORJ\LWZDVQRWSRVVLEOHWRHVWLPDWHFRKRUWVL]H
a priori.1RSUHH[LVWLQJGDWDZDVDYDLODEOHWRLQGLFDWHWKHQXPEHURUUHODWLYHVL]HRILPPXQHFOXVWHUVWR
H[SHFWDQGWKHUHLVQRDFFHSWHGJXLGHOLQHIRUGHWHUPLQLQJQHHGHGVDPSOHVL]HLQXQVXSHUYLVHGFOXVWHULQJ
+RZHYHU FDUH ZDV WDNHQ WR PLQLPL]H VRXUFHV RI ELDV DFURVV VHYHUDO IDFHWV RI WKH VWXG\ 7KH RYHUDOO
DSSURDFKZDVLQKHUHQWO\XQELDVHGDVZHDFODVVLILHGSDWLHQWVE\PROHFXODUGDWDDORQHZLWKRXWJXLGDQFH
IURPFOLQLFDOIHDWXUHVDQGEDQDO\]HGF\WRNLQHVDVDQLQWHUUHODWHGV\VWHPZLWKRXWIRFXVRQDQ\SDUWLFXODU
PHGLDWRURUSDWKZD\7RHOLPLQDWHSRWHQWLDOFRKRUWVHOHFWLRQELDVZHLQFOXGHGFRQVHFXWLYHO\ELREDQNHG
SDWLHQWV UHJDUGOHVV RI 3$+ VXEW\SH 7KH SURWHRPLF SDQHO ZDV EURDG E\ GHVLJQ LQFOXGLQJ PHGLDWRUV
LPSOLFDWHGLQ3$+SDWKRJHQHVLVDQGRWKHUVQRWSUHYLRXVO\OLQNHGWRWKHGLVHDVH7RPLQLPL]HPHDVXUHPHQW
ELDVSODVPDFROOHFWLRQDQGSURFHVVLQJZHUHFDUHIXOO\SURWRFROL]HGVDPSOHVZHUHDVVD\HGZLWKLQWKUHH\HDUV
RIVWRUDJHIUHH]HWKDZF\FOLQJZDVDYRLGHGVLQJOHORWQXPEHUVZHUHXVHGIRUUHDJHQWVDQGZHSODWHEDWFK
DGMXVWHGSURWHRPLFGDWDWRHOLPLQDWHQRQELRORJLFDOYDULDWLRQ6DPSOHVZHUHEDODQFHGDFURVVDVVD\SODWHV
E\DJHVH[DQG3$+HWLRORJ\WRHQVXUH WKLVDGMXVWPHQWGLGQRWPDVNDQ\FOXVWHULQJUHODWLRQVKLSVZLWK
WKHVHYDULDEOHV0DQ\DVSHFWVRIRXUFOXVWHULQJPHWKRGRORJ\ZHUHDOVRLQWHQGHGHOLPLQDWHELDVLQFOXGLQJ
WKHUHVDPSOLQJEDVHGIUDPHZRUNQRUPDOL]DWLRQRISURWHRPLFPHDVXUHPHQWV WRHQVXUHDOOF\WRNLQHVKDG
HTXDOZHLJKWGDWDGULYHQGHWHUPLQDWLRQRIFOXVWHUQXPEHUDQGXVHRIREMHFWLYHFULWHULDWRVHOHFWWKHVSHFLILF
FOXVWHULQJDOJRULWKPDQGGLVWDQFHPHWULFDSSOLHG



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
Cohort characteristics at blood sampling.  

3$+ SDWLHQWV Q  KDG D PHGLDQ DJH RI  \HDUV  LQWHUTXDUWLOH UDQJH >,45@ 
\HDUVDQGPRVWZHUHIHPDOHQ 7DEOH0HGLDQWLPHIURPGLDJQRVLVWRSURWHRPLFVDPSOLQJ
ZDV  \HDUV  8QGHUO\LQJ 3$+ HWLRORJLHV LQFOXGHG FRQQHFWLYH WLVVXH GLVHDVH Q  
LGLRSDWKLF Q GUXJVDQGWR[LQV Q FRQJHQLWDOKHDUWGLVHDVHQ DQG
SRUWDOK\SHUWHQVLRQQ 0RVWSDWLHQWVZHUHIXQFWLRQDOFODVV,,,,9Q ZLWKPHGLDQ
VL[PLQXWH ZDON GLVWDQFH RI  PHWHUV  3$+ ZDV KHPRG\QDPLFDOO\ VHYHUH ZLWK P3$3 
PP+J395G\QHVāVHFFPDQGFDUGLDFLQGH[P/PLQP6XEMHFWV
ZHUHPRVWRIWHQWUHDWPHQWQDwYHQ RURQ3$+PRQRWKHUDS\Q  

PAH patients partition into four proteomic immune clusters.  

8QVXSHUYLVHGPDFKLQHOHDUQLQJLGHQWLILHGIRXUSDWLHQWFOXVWHUVWKDWHDFKH[SUHVVHGDGLVWLQFWEORRG
SURWHRPLFLPPXQHSURILOH)LJXUH$2IGLVFRYHU\FRKRUWSDWLHQWVVWUDWLILHGLQWRWKH
WKUHHFOXVWHUVWKDWKDGHYLGHQFHRIFLUFXODWLQJLQIODPPDWLRQFOXVWHUVDQGZKLOHWKHUHPDLQLQJ
VXEMHFWVLQFOXVWHUKDGORZF\WRNLQHDQGIDFWRUOHYHOVWKDWZHUHVLPLODUWRKHDOWK\FRQWUROV&OXVWHU
ZDVWKHVPDOOHVWVXEJURXSQ DQGKDGWKHKLJKHVWOHYHOVRIVHYHUDOLPPXQHPHGLDWRUVQHDUO\
KDOIRIPHDVXUHGSURWHLQVZHUH!VWDQGDUGGHYLDWLRQVDERYHWKHRYHUDOO3$+PHDQ6LPLODUSURWHLQV
ZHUHXSUHJXODWHG LQFOXVWHUQ EXWDWD ORZHUPDJQLWXGHaVWDQGDUGGHYLDWLRQVDERYH
3$+PHDQ$PRQJFOXVWHUSDWLHQWVQ DQHQWLUHO\GLIIHUHQWVHWRIF\WRNLQHVDQGIDFWRUVZDV
XSUHJXODWHG 3ULQFLSDO FRPSRQHQW DQDO\VLV FRQILUPHG SURWHRPLF YDULDQFH EHWZHHQ WKH PDFKLQH OHDUQHG
FOXVWHUV)LJXUH%ZKHUHFOXVWHUVDQGSDUWLWLRQHGDORQJWKHILUVWSULQFLSDOFRPSRQHQWFOXVWHU
ZDV GLVWLQJXLVKHG E\ WKH VHFRQG SULQFLSDO FRPSRQHQW DQG KHDOWK\ FRQWUROV RYHUODSSHG FOXVWHU  3$+
'2,&,5&5(6$+$
FOXVWHUDVVLJQPHQWVDOVRGHPRQVWUDWHGVWDELOLW\DFURVVPDFKLQHOHDUQLQJDOJRULWKPLWHUDWLRQVDVLQWUD
FOXVWHUFRQVHQVXVUDWHVZHUHDQGUHVSHFWLYHO\LQFOXVWHUV±2QOLQH)LJXUH,,&

Network analysis identifies central cytokine signatures in immune clusters.  

:KHQ ZH H[DPLQHG PXOWLYDULDEOH SURWHLQSURWHLQ UHODWLRQVKLSV E\ 3$+ FOXVWHU ZLWK SDUWLDO
FRUUHODWLRQ QHWZRUNV HDFK FOXVWHU GLVSOD\HG D FKDUDFWHULVWLF SURWHRPLF QHWZRUN VWUXFWXUH )LJXUH $
&OXVWHUVZHUHDOVRGLIIHUHQWLDWHGE\DXQLTXHFHQWUDOQHWZRUNVLJQDWXUH)LJXUH%ZKLFKZDVGHILQHGE\
XSUHJXODWHGSURWHLQVWKDWKDGKLJKPHDVXUHVRIQHWZRUNFHQWUDOLW\VWUHQJWKFORVHQHVVDQGEHWZHHQQHVV
FHQWUDOLWLHVH[FHHGHGWKHPHDQRIDOOQHWZRUNQRGHVDVVKRZQLQ2QOLQH)LJXUH,9±FOXVWHUSURWHLQV
FOXVWHUSURWHLQVDQGFOXVWHU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Immune clusters are not differentiated by circulating cell subsets.  
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Immune clusters are independent of PAH subtypes and duration of illness.  
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Immune clusters are not associated with patient demographics, comorbidities, or background therapies.  
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Immune clusters have different clinical risk profiles.  
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Long-term outcomes differ across immune clusters.  
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 
'2,&,5&5(6$+$
$QWLFRDJXODWLRQ     
$Q\LPPXQHPRGXODWRU     
$VSLULQRURWKHU16$,'     
$QWLKLVWDPLQHOHXNRWULHQH     
$FURVVFOXVWHUFRPSDULVRQV&RQWLQXRXVGDWDFRPSDUHGE\RQHZD\$129$WHVWYDULDEOHVZLWK
QRUPDOGLVWULEXWLRQRU.UXVNDO:DOOLVWHVWQRQV\PPHWULFGLVWULEXWLRQ&DWHJRULFDOYDULDEOHV
FRPSDUHGE\FKLVTXDUHRU)LVKHU¶VH[DFWWHVWDVDSSURSULDWH

3XOPRQDU\FRPRUELGLWLHVZHUHQRWWKHSULPDU\HWLRORJ\RISXOPRQDU\K\SHUWHQVLRQ6HHRQOLQH
VXSSOHPHQWDOPHWKRGVIRUGHILQLWLRQV

Á&&%LQGLFDWLRQV5D\QDXG¶VSKHQRPHQRQQ YDVRUHDFWLYH3$+Q HVVHQWLDOK\SHUWHQVLRQ
Q 

,PPXQHPRGXODWLQJDJHQWVSUHGQLVRQHP\FRSKHQRODWHPRIHWLOK\GUR[\FKORURTXLQHOHIOXQRPLGH
D]DWKLRSULQHWDFUROLPXVERUWH]RPLEDQDNLQUDULWX[LPDERUF\FORSKRVSKDPLGH$OOEXWWZRSDWLHQWV
ZHUHRQPXOWLDJHQWLPPXQHPRGXODWRUUHJLPHQV

$EEUHYLDWLRQV%0, ERG\PDVVLQGH[&$' FRURQDU\DUWHU\GLVHDVH&23' FKURQLFREVWUXFWLYH
SXOPRQDU\GLVHDVH&7' FRQQHFWLYHWLVVXHGLVHDVH,/' LQWHUVWLWLDOOXQJGLVHDVH,45 LQWHUTXDUWLOH
UDQJH16$,' QRQVWHURLGDODQWLLQIODPPDWRU\GUXJ26$ REVWUXFWLYHVOHHSDSQHD3$3 
SRVLWLYHDLUZD\SUHVVXUH6' VWDQGDUGGHYLDWLRQ

9DOLGDWLRQFRKRUW

Cohort characteristics at blood sampling.  

9DOLGDWLRQ FRKRUW SDWLHQWV KDG PHGLDQ DJH RI  \HDUV ,45  PRVW ZHUH IHPDOH
Q DQGQHDUO\DOOVXEMHFWVZHUHZKLWHQ 2QOLQH7DEOH;VKRZVFRPSDULVRQZLWK
GLVFRYHU\FRKRUW,GLRSDWKLF3$+Q ZDVWKHPRVWSUHYDOHQWHWLRORJ\IROORZHGE\FRQQHFWLYH
WLVVXHGLVHDVHQ FRQJHQLWDOKHDUWGLVHDVHQ DQGSRUWDOK\SHUWHQVLRQQ 
7KHPDMRULW\RISDWLHQWVZHUHIXQFWLRQDOFODVV,,,,9Q DQG3$+ZDVVHYHUHZLWKPHGLDQ
P3$3PP+J395G\QHVāVHFFPDQGULJKWDWULDOSUHVVXUHPP+J
$OOVXEMHFWVZHUHWUHDWPHQWQDwYH 

External validation of proteomic immune clusters.  

8QVXSHUYLVHGPDFKLQHOHDUQLQJDOVRLGHQWLILHGIRXUSURWHRPLFLPPXQHFOXVWHUVLQWKHYDOLGDWLRQ
FRKRUWVHH2QOLQH)LJXUH;,,,DQGWKHLUPROHFXODUSURILOHVDSSHDUHGWREHVLPLODUWRWKRVHIRXQGLQWKH
GLVFRYHU\ VWDJH )LJXUH $ &OXVWHU  SDWLHQWV Q  DJDLQ KDG ORZ OHYHOV RI PRVW F\WRNLQHV ZKLOH
VXEMHFWVLQFOXVWHUQ FOXVWHUQ DQGFOXVWHUQ KDGXSUHJXODWLRQRIVLPLODUSURWHLQVWKDW
FKDUDFWHUL]HG FRUUHVSRQGLQJ FOXVWHUV LQ WKH GLVFRYHU\ FRKRUW 7KH SHUFHQWDJH RI SDWLHQWV DVVLJQHG WR
DQDORJRXVGLVFRYHU\DQGYDOLGDWLRQFOXVWHUVZDVDOVRFRPSDUDEOH±FOXVWHUYVFOXVWHU
YVFOXVWHUYVFOXVWHUYV,QSULQFLSDOFRPSRQHQWDQDO\VLVYDOLGDWLRQ
FOXVWHUVVHSDUDWHGLQDPDQQHUDNLQWRZKDWZDVREVHUYHGLQWKHGLVFRYHU\FRKRUW)LJXUH%DVFOXVWHUV
DQGSDUWLWLRQHGDORQJWKHILUVWSULQFLSDOFRPSRQHQWDQGFOXVWHUZDVGLVWLQJXLVKHGE\WKHVHFRQG
SULQFLSDOFRPSRQHQW 


'2,&,5&5(6$+$
External validation of immune cluster clinical features.  

0HGLDQDJHDQGWKHVH[GLVWULEXWLRQGLGQRWGLIIHUVLJQLILFDQWO\DFURVVYDOLGDWLRQFRKRUWFOXVWHUV
2QOLQH7DEOH;,&RQVLVWHQWZLWKILQGLQJVLQWKHGLVFRYHU\FRKRUWYDOLGDWLRQFOXVWHUVHDFKLQFOXGHGD
VLPLODUPL[HGGLVWULEXWLRQRI*URXS3$+HWLRORJLHV)RUDYDLODEOHFOLQLFDOPDUNHUVRI3$+ULVNFOXVWHU
DJDLQDSSHDUHGWREHDKLJKULVNVXEJURXS$WEORRGVDPSOLQJFOXVWHUSDWLHQWVKDGWKHZRUVWIXQFWLRQDO
FODVV SURILOH VKRUWHVW LQFUHPHQWDO VKXWWOH ZDON GLVWDQFH DQG PRVW HOHYDWHG ULJKW DWULDO SUHVVXUH 7KH
YDOLGDWLRQFRKRUWZDVIROORZHGIRUDPHGLDQRI\HDUVIURPSODVPDFROOHFWLRQDQGWRWDO
GHDWKV RFFXUUHG  HYHQWVSDWLHQW\HDUV 9DOLGDWLRQ FOXVWHU VXUYLYDO GLIIHUHQFHV SDUDOOHOHG WKRVH
REVHUYHGLQWKHGLVFRYHU\FRKRUWDVWKH.DSODQ0HLHUHVWLPDWHGILYH\HDUVXUYLYDOUDWHZDVEHVWLQFOXVWHU
&,ZRUVWLQFOXVWHU&,DQGLQWHUPHGLDWHLQFOXVWHU
&,DQGFOXVWHUDFURVVFOXVWHUS )LJXUH&
 
Pooled cohort survival analyses.  

,QFRPELQHGGLVFRYHU\DQGYDOLGDWLRQFRKRUWVQ WKHHVWLPDWHGILYH\HDUVXUYLYDOUDWHZDV
&,IRUWKHKLJKULVNFOXVWHUFRPSDUHGWRIRUWKHORZULVNFOXVWHU
LQFOXVWHUDQGLQFOXVWHUDFURVVFOXVWHUS2QOLQH
)LJXUH;,9(YHQDIWHUDGMXVWPHQWIRUDJHVH[3$+HWLRORJ\WUHDWPHQWQDwYHVWDWXVIXQFWLRQDOFODVVDQG
ULJKWDWULDOSUHVVXUHFOXVWHUZDVDVVRFLDWHGZLWKLQFUHDVHGILYH\HDUULVNRIGHDWK+5&,
SDQGFOXVWHUSRUWHQGHGUHGXFHGULVN+5&,S 2QOLQH7DEOH;,,$
& 



',6&866,21 

,QWKLVILUVWXQVXSHUYLVHGPROHFXODUSKHQRW\SLQJVWXG\RI3$+ZHSHUIRUPHGDQDJQRVWLFPDFKLQH
OHDUQLQJDSSURDFKWRGLVFRYHUDQGYDOLGDWHIRXULPPXQHSKHQRW\SHVEDVHGRQPXOWLYDULDEOHEORRGF\WRNLQH
SURILOLQJ :H XVHG LQIODPPDWLRQ DV D PHFKDQLVWLFDOO\UHOHYDQW SODWIRUP IRU WHVWLQJ WKH K\SRWKHVLV WKDW
XQVXSHUYLVHGPROHFXODUSKHQRW\SLQJFDQXQFRYHUVRXUFHVRIKHWHURJHQHLW\LQ3$+:HIRXQGWKDW3$+
FRKRUWVFDQEHUHRUJDQL]HGLQWRIRXUFOXVWHUVZLWKGLVWLQFWFLUFXODWLQJF\WRNLQHSURILOHV1RWDOOFOXVWHUV
DSSHDU WR GHPRQVWUDWH D YLJRURXV LQIODPPDWRU\ SURILOH EXW WKH\ DUH GLIIHUHQWLDWHG E\ WKHLU UHODWLYH
LQIODPPDWRU\VLJQDWXUHV:KLOHWKHVHLPPXQHFOXVWHUVGRQRWVWUDWLI\E\XQGHUO\LQJ3$+HWLRORJ\WKHUH
DUHVLJQLILFDQWFOXVWHUVSHFLILFGLIIHUHQFHVLQFOLQLFDOULVNSDUDPHWHUVDQGORQJWHUPSURJQRVLV)LQDOO\ZH
DQDO\]HG SURWHRPLF LQWHUDFWLRQ QHWZRUNV DQG DVFHUWDLQHG D XQLTXH FHQWUDO F\WRNLQH VLJQDWXUH IRU HDFK
LPPXQH SKHQRW\SH 2XU ZRUN SURYLGHV HYLGHQFH WKDW LPPXQLW\ LV D ZRUNDEOH SODWIRUP IRU SUHFLVLRQ
SKHQRW\SLQJ LQ3$+DQDSSURDFK WKDWZDUUDQWVSDUWLFXODUDWWHQWLRQDV WKHUDSLHV WDUJHWLQJ LQIODPPDWLRQ
HPHUJH

%ORRGF\WRNLQHSURILOLQJRIIHUVDSRVVLEOHDGMXQFWIUDPHZRUNIRUSDWLHQWFODVVLILFDWLRQLQ3$+DV
WKH LPPXQH FOXVWHUV LGHQWLILHGZHUH LQGHSHQGHQWRI3$+HWLRORJLHV:LWKLQ HDFK*URXS VXEW\SHZH
REVHUYHG LPPXQHSURILOHKHWHURJHQHLW\ DQG DOO IRXU FOXVWHUV ZHUH UHSUHVHQWHG0XOWLSOHQRQFRPSHWLQJ
K\SRWKHVHVFRXOGEHSURSRVHGWRH[SODLQWKLV LQWHUHVWLQJILQGLQJ3UHGLVSRVLQJFRQGLWLRQVGHILQLQJWKHVH
FOLQLFDO VXEW\SHV PD\ SURGXFH KHWHURJHQHRXV LQIODPPDWLRQ GXH WR SDWLHQWOHYHO YDULDWLRQ LQ JHQHWLF
IDFWRUVPHWDEROLVPVH[KRUPRQHVRUHQGRJHQRXVDQWLLQIODPPDWRU\UHVSRQVHV$OWHUQDWLYHO\DOO
3$+SUHGLVSRVLQJFRQGLWLRQVPLJKWHOLFLWVLPLODUSURJUDPPDWLFLQIODPPDWLRQDQGYDVFXODUUHPRGHOLQJ,I
WUXH WKH KHWHURJHQHLW\ ZH REVHUYHG HLWKHU D FDSWXUHG SDWLHQW YDULDELOLW\ LQ WKH VWDJH RU UDWH RI 3$+
SDWKRJHQHVLVRU E UHIOHFWHGFRQIRXQGLQJPRGXODWRUV OLNHPHGLFDWLRQVRUFRPRUELGLWLHV+RZHYHURXU
ILQGLQJVGRQRW VXSSRUW WKHQRWLRQ WKDW WKH LPPXQHFOXVWHUV UHIOHFWGLIIHUHQW VWDJHVRI3$+DVPHGLDQ
GXUDWLRQRI LOOQHVVZDVVLPLODUDFURVVGLVFRYHU\FRKRUWFOXVWHUVDQGWKHYDOLGDWLRQFRKRUWRQO\ LQFOXGHG
'2,&,5&5(6$+$
QHZO\GLDJQRVHGWUHDWPHQWQDwYHSDWLHQWV0RUHRYHUFOXVWHUVZHUHQRWDVVRFLDWHGZLWKDQ\GHPRJUDSKLF
IHDWXUHV FRPRUELGFRQGLWLRQVRUEDFNJURXQG WKHUDSLHV)LQDOO\ LW LVSODXVLEOH WKDW3$+ LVD V\QGURPH
UDWKHUWKDQGLVHDVHZKHUHGLIIHUHQWSDWKRJHQLFPHFKDQLVPVSUHGRPLQDWHDFURVVSDWLHQWVDQGLQIODPPDWLRQ
LVRQO\UHOHYDQWLQFHUWDLQFDVHV

7KH PDMRULW\ RI WKH SDWLHQWV VWXGLHG KDG VLJQLILFDQW HYLGHQFH RI LQIODPPDWLRQ LQ FLUFXODWLRQ
LPPXQHFOXVWHUVDQGWKRXJKZHDOVRLGHQWLILHGD3$+VXEVHWZLWKORZF\WRNLQHDQGFKHPRNLQH
OHYHOVVLPLODUWRKHDOWK\FRQWUROVFOXVWHU7KLVUHODWLYHO\VL]DEOHFOXVWHUQ RIFRPELQHG
FRKRUWVZRXOGKDYHEHHQHDVLO\RYHUORRNHGLIZHKDGQRWDQDO\]HGWKHF\WRNLQHGDWDDVDPXOWLYDULDEOH
SURILOH6LQJOHSURWHLQDQDO\VLVZRXOGKDYHVXJJHVWHGZLGHVSUHDGLQIODPPDWLRQZKHUHPHGLDQOHYHOVRI
RI  DQDO\WHV ZHUH XSUHJXODWHG YHUVXV FRQWUROV 2QOLQH )LJXUH ;9 7KLV REVHUYDWLRQ KLJKOLJKWV WKH
SRWHQWLDOWRDFKLHYHSUHFLVLRQZLWKDQDSSURDFKWKDWFRXSOHVEURDGPROHFXODUSURILOLQJDQGXQVXSHUYLVHG
FRKRUW µVSOLWWLQJ¶ ZKLFK FRQWUDVWV D PRUH UHGXFWLRQLVW VWUDWHJ\ WR PROHFXODU DQDO\VLV DQG JHQHUDOL]HG
µOXPSLQJ¶RISDWLHQWVZLWKDGLVHDVH7KHFOXVWHUPROHFXODUSURILOHSURYLGHVHYLGHQFHWKDW3$+LVQRW
DOZD\VDVVRFLDWHGZLWKLQIODPPDWLRQ+RZHYHULWUHPDLQVXQNQRZQZKHWKHUWKLVODFNRILPPXQHVLJQDO
SHUVLVWVRYHUWLPH,QIODPPDWLRQPD\KDYHH[LVWHGWUDQVLHQWO\EHIRUHEORRGVDPSOLQJZKHQ3$+GHYHORSHG
RULWFRXOGKDYHDULVHQSRVWVDPSOLQJGXULQJGLVHDVHSURJUHVVLRQ
 
:KLOH RXU PROHFXODUEDVHG 3$+ FODVVLILFDWLRQ DSSURDFK ZDV QRW SULPDULO\ LQWHQGHG WR
SURJQRVWLFDWH LW XOWLPDWHO\ VWUDWLILHG SDWLHQW VXEJURXSV ZLWK GLIIHULQJ FOLQLFDO ULVN DQG RXWFRPHV 7KH
UHODWLRQVKLSEHWZHHQLPPXQHSURILOHVDQGSURJQRVLVZDVFRQVLVWHQWDFURVVWZRGLVVLPLODU3$+FRKRUWVDQG
SHUVLVWHGDIWHU DGMXVWPHQW IRURWKHU HVWDEOLVKHGSUHGLFWRUVSURYLGLQJHYLGHQFH WKDW FOLQLFDOO\VLJQLILFDQW
LPPXQHSKHQRW\SHVPD\H[LVW3UHYLRXV UHVHDUFKKDV VXJJHVWHGD OLQNEHWZHHQEORRG OHYHOVRIYDULRXV
SURLQIODPPDWRU\F\WRNLQHVDQGVXUYLYDO3HULYDVFXODULPPXQHFHOOEXUGHQZDVDOVRVKRZQWRFRUUHODWH
ZLWKYHVVHOWKLFNQHVVDQGKHPRG\QDPLFVLQDOXQJKLVWRSDWKRORJ\VWXG\RILGLRSDWKLF3$+,QGLUHFWO\
WKDWZRUNLPSOLHGDSRVVLEOHUHODWLRQVKLSEHWZHHQLQIODPPDWLRQDQGGLVHDVHSURJUHVVLRQ+RZHYHUKLJKHU
F\WRNLQHOHYHOVGLGQRWQHFHVVDULO\HTXDWHWRZRUVHSURJQRVLVLQWKHFRQWH[WRIRXU3$+LPPXQHFOXVWHUV±
FOXVWHUPRGHUDWHLPPXQHVLJQDOKDGWKHPRVWIDYRUDEOHRXWFRPHVZKLOHFOXVWHUORZHVWVLJQDODQG
FOXVWHU  KLJKHVW VLJQDO KDG VLPLODU LQWHUPHGLDWH SURJQRVLV DQG FOXVWHU  KLJK VLJQDO KDG WKH ZRUVW
RXWFRPHV7KHVHUHODWLRQVKLSVVXJJHVWWKDWLQIODPPDWLRQLVQRWZHOOFKDUDFWHUL]HGE\VLQJOHPDUNHUVDQG
PD\KHOSH[SODLQZK\LQGLYLGXDOF\WRNLQHVKDYHKDGLQFRQVLVWHQWSURJQRVWLFYDOXHDFURVVVWXGLHV%DVHG
RQRXUILQGLQJVZHDOVRVSHFXODWHWKDWLQIODPPDWLRQPLJKWSOD\DGLIIHUHQWLDOUROHLQ3$+SDWKRELRORJ\
DFURVV FOXVWHUV± LW PD\ EH GHOHWHULRXV DQG GULYH YDVFXODU UHPRGHOLQJ LQ FOXVWHU  KLJKULVN FOLQLFDO
SKHQRW\SHEXWFRQWULEXWHOHVVWRSDWKRJHQHVLVLQFOXVWHUVDQGORZDQGLQWHUPHGLDWHULVN,QIODPPDWLRQ
LQWKHVHORZHUULVNFOXVWHUVFRXOGLQSDUWUHIOHFWUHSDUDWLYHLPPXQHSURFHVVHVWKDWKDYHSURWHFWLYHHIIHFWV
RULWPD\PHUHO\EHDFRQVHTXHQFHRIYDVFXODULQMXU\DQGQRWSOD\DVLJQLILFDQWUROHLQGLVHDVHSURJUHVVLRQ

,QIODPPDWLRQKDVDPXOWLIDFHWHGDQGLQFRPSOHWHO\XQGHUVWRRGUROH LQ3$+YDVFXODU LQMXU\DQG
UHPRGHOLQJWKDWLQYROYHVYDULRXVVLJQDOLQJSDWKZD\VSOHLRWURSLFF\WRNLQHVIURPPXOWLSOHFHOOXODUVRXUFHV
WKDWKDYHFDQRQLFDODQGQRQFDQRQLFDOHIIHFWVFRPSOH[ORFDODQGGLVWDQWFHOOFHOOLQWHUDFWLRQVDQGLPSDLUHG
UHJXODWRU\ LPPXQHUHVSRQVHVZKLFKDSSHDU WRSHUSHWXDWHHQGRWKHOLDOFHOO (&DQGVPRRWKPXVFOHFHOO
60&SUROLIHUDWLRQDQGFHOOSKHQRW\SHVKLIWV$VDQLQLWLDOVWHSWRZDUGGLVHQWDQJOLQJFOXVWHUVSHFLILF
SDWKRELRORJ\ ZH GHWHFWHG XQLTXH FHQWUDO F\WRNLQH VLJQDWXUHV LQ HDFK LPPXQH FOXVWHU XVLQJ SDUWLDO
FRUUHODWLRQ QHWZRUN DQDO\VLV 7KLV DSSURDFK KDV LQIHUUHG ELRORJLFDO UHODWLRQVKLSV LQ VHYHUDO µRPLFV¶
GRPDLQV7KHVHFHQWUDOQHWZRUNVLJQDWXUHVPD\RIIHUPHFKDQLVWLFFOXHVDQGFDQGLGDWHGUXJWDUJHWVE\
FOXVWHUDVHDFKLQFOXGHGVHYHUDOPHGLDWRUVWKDWKDYHEHHQLPSOLFDWHGLQ3$+SDWKRJHQHVLV)RUH[DPSOH
75$,/ZDVWKHPRVWFHQWUDOQHWZRUNSURWHLQLQKLJKULVNFOXVWHU75$,/XSUHJXODWLRQLQGXFHVPLJUDWLRQ
DQGSUROLIHUDWLRQRI60&V LQ LGLRSDWKLF3$+DQGDQWL75$,/DQWLERGLHVSUHYHQW DQG UHYHUVHYDVFXODU
UHPRGHOLQJLQYDULRXVURGHQWPRGHOVRI3$+0,)&&/DQG,/DOVRKDGFHQWUDOQHWZRUNUROHVLQ
FOXVWHU7KHVHPHGLDWRUVUHFUXLWPRQRQXFOHDUFHOOVWRWKHHQGRWKHOLXPDQGSHUSHWXDWHDSURLQIODPPDWRU\
PLOLHXWKDWDSSHDUVWRFRQWULEXWHWR3$+YDVFXORSDWK\0,)DQWDJRQLVPSDUWLDOO\UHYHUVHVH[SHULPHQWDO
'2,&,5&5(6$+$
3$+DQGUHGXFHVLQIODPPDWRU\LQILOWUDWH ,QWULJXLQJSDUDGR[HVKDYHEHHQUHSRUWHGLQ3$+VWXGLHVIRU
71)D,/DQG9(*)ZKLFKGHVHUYHPHQWLRQJLYHQWKHORZULVNFOLQLFDOSURILOHRIFOXVWHU71)D
DSSHDUV WR VXSSUHVV HQGRJHQRXVSURVWDF\FOLQ LQFUHDVHYDVFXODU UHDFWLYLW\ DQGSURPRWH60&DSRSWRVLV
UHVLVWDQFHLQ3$+KRZHYHU71)DDQWDJRQLVPKDVQRWFRQVLVWHQWO\DPHOLRUDWHGGLVHDVHDFURVVSUHFOLQLFDO
VWXGLHV:KLOH,/DDQGEDUHKLJKO\H[SUHVVHGLQ3$+SDWLHQWVDQG,/UHFHSWRUEORFNDGHSUHYHQWV
GHYHORSPHQWRIGLVHDVHLQWKHPRQRFURWDOLQHUDWPRGHODQWDJRQLVPKDVQRHIIHFWLQWKHFKURQLFK\SR[LD
PRGHO ,/E DOVR LQWHUHVWLQJO\ HQKDQFHV SURVWDF\FOLQ H[SUHVVLRQ LQ 60&V ZKLFK PD\ UHSUHVHQW D
FRPSHQVDWRU\ UHVSRQVH WR LQIODPPDWRU\ LQMXU\ +XPDQ DQG H[SHULPHQWDO GDWD VXJJHVWV WKDW 9(*) LV
XSUHJXODWHGDQGPD\EH OLQNHGWR(&JURZWKLQ3$++RZHYHU9(*)EORFNDGHLQ WKH6XJHQK\SR[LD
PRGHOVXUSULVLQJO\WULJJHUVVHYHUHDQJLRREOLWHUDWLYH3$+:LWKLQWKHFOXVWHUQHWZRUNFHQWUDOSURWHLQV
ZLWK HVWDEOLVKHG OLQNV WR 3$+ SDWKRJHQHVLV DUH ,/ 3'*)E DQG &&/ 0LFH RYHUH[SUHVVLQJ ,/
VSRQWDQHRXVO\ GHYHORS 3$+ ZLWK REOLWHUDWLYH DUWHULRODU UHPRGHOLQJ ,/ SHUSHWXDWHV LQIODPPDWLRQ
LQGXFHV(&DSRSWRVLVUHVLVWDQFHSURPRWHV60&SUROLIHUDWLRQYLD)*)EDOVRFHQWUDOLQFOXVWHUQHWZRUN
DQGFRQWULEXWHVWRWKH%035SDWKZD\G\VUHJXODWLRQWKDWXQGHUOLHV3$+3'*)EDQG&&/DUHDOVR
RYHUSURGXFHGDQGH[HUWPLWRJHQLFHIIHFWVWKDWSURSDJDWHWKHSUROLIHUDWLYHYDVFXODUSKHQRW\SHRI3$+DQG
3'*)UHFHSWRUDQWDJRQLVPUHYHUVHVGLVHDVHLQDQLPDOPRGHOV

2QDPRUHJHQHUDO OHYHO LPPXQHFOXVWHUVDOVRDSSHDUHG WRKDYHGLIIHUHQWLDOQHWZRUNVLJQDO IRU
YDULRXVPROHFXODUIXQFWLRQVDQGSDWKZD\VVHH)LJXUH7+SDWKZD\PHGLDWRUVZHUHXSUHJXODWHGDQG
KDGKLJKQHWZRUNFHQWUDOLW\PHDVXUHVLQFOXVWHU7+VNHZOLNHZLVHH[LVWHGLQFOXVWHUWKRXJKWKHUHZDV
DOVR QHWZRUN VLJQDO IRU WKH 7+ SDWKZD\ PHGLDWRUV RI DGDSWLYH LPPXQLW\ DQG DQWL
LQIODPPDWRU\UHJXODWRU\SURWHLQVLQFOXGLQJ,/7KLVODWWHUILQGLQJLVLQWHUHVWLQJJLYHQWKHIDYRUDEOH
FOXVWHURXWFRPHVDQGSULRUUHSRUWWKDW,/LQMHFWLRQLQKLELWVH[SHULPHQWDOSXOPRQDU\K\SHUWHQVLRQ,Q
WKHFOXVWHUQHWZRUNSURWHLQV WKDWSURSDJDWH WKH7KSDWKZD\DQJLRJHQHVLV DQGFHOOXODUSUROLIHUDWLRQ
ZHUHFHQWUDODQGXSUHJXODWHG

,IIXUWKHUYDOLGDWHGEH\RQGDVLQJOHWLPHSRLQWGXULQJGLVHDVHSURJUHVVLRQRXUILQGLQJVFRXOGKDYH
LPSOLFDWLRQVIRUFOLQLFDOWULDOGHVLJQDVWKHUDSLHVWKDWWDUJHWLQIODPPDWLRQDUHXQGHUGHYHORSPHQW9DULRXV
F\WRNLQHDQGJURZWKIDFWRUDQWDJRQLVWVKDYHVXFFHVVIXOO\UHYHUVHGH[SHULPHQWDOSXOPRQDU\K\SHUWHQVLRQ
DQGDUHXQGHUDFWLYHFOLQLFDOLQYHVWLJDWLRQ,PPXQHSKHQRW\SLQJPD\SURYLGHWKHFUXFLDOILUVWVWHSWRZDUG
LGHQWLI\LQJVSHFLILFSDWLHQWVZKRDUHPRUHOLNHO\WRUHVSRQGWRWKHVHHPHUJLQJDJHQWV*LYHQWKDWGLIIHUHQW
GHJUHHV DQG IRUPV RI LQIODPPDWLRQ RFFXU DFURVV SDWLHQWV LPPXQH SKHQRW\SLQJ FRXOG RIIHU D JXLGLQJ
IUDPHZRUN DV WKHUDSLHV DUH WUDQVODWHG WR WKH FOLQLFDO VHWWLQJ ,W LV SRVVLEOH WKDW WKHUDSHXWLFDOO\ WDUJHWLQJ
LPPXQLW\ PLJKW EH IXWLOH ZKHQ SDWLHQWV ODFN LQIODPPDWLRQ FOXVWHU  RU KDYH HQGRJHQRXV DQWL
LQIODPPDWRU\VLJQDOLQJDQGDIDYRUDEOHFOLQLFDOULVNSURILOHFOXVWHU&OLQLFDOWULDOVPD\XOWLPDWHO\EHQHILW
IURPFRKRUWHQULFKPHQWRUVWUDWLILFDWLRQZLWKWKHUDSHXWLFDOO\UHOHYDQWLPPXQHSKHQRW\SHV7RDFKLHYHVXFK
FOLQLFDODSSOLFDWLRQIXUWKHUUHVHDUFKLVQHHGHGWRHYDOXDWHZKHWKHUFHUWDLQWKHUDSLHVDOWHUSURWHRPLFSURILOHV
DQG GHWHUPLQH LI LPPXQH SKHQRW\SHV KDYH GLIIHUHQWLDO FOLQLFDO UHVSRQVHV ,Q WKH VKRUWWHUP SRVWKRF
DQDO\VLVRIH[LVWLQJFOLQLFDOWULDOVFRXOGRIIHULQVLJKWV

7KHUHDUHVHYHUDOOLPLWDWLRQVWRRXUVWXG\1RQELRORJLFDOYDULDWLRQFDQEHDQLVVXHIRUPXOWLSOH[
F\WRNLQH PHDVXUHPHQWV 6HYHUDO PHDVXUHV ZHUH WDNHQ WR PLQLPL]H WHFKQLFDO ELDV DV GHVFULEHG LQ WKH
PHWKRGV VHFWLRQ :H HQFRXQWHUHG EDWFK HIIHFWV QRQHWKHOHVV WKDW UHTXLUHG DGMXVWPHQW EXW ELRORJLFDO
YDULDWLRQZDVUHWDLQHGSRVWDGMXVWPHQWDQGEDWFKHVZHUHHYHQO\GLVWULEXWHGDFURVVFOXVWHUV2QOLQH7DEOH
,;2XUSURWHRPLFSDQHOGLGQRWLQFOXGHDOONQRZQF\WRNLQHVDQGFKHPRNLQHVWKRXJKZDVPRUHFRPSOHWH
WKDQVHWVPHDVXUHGLQSULRUVWXGLHVRI3$+LQIODPPDWLRQ:HUHFRJQL]HEORRGSURILOLQJPD\QRWUHIOHFW
WKH LPPXQH PLOLHX LQ OXQJ YDVFXODWXUH RU ULJKW YHQWULFOH EXW WDUJHW RUJDQ VDPSOLQJ ODFNV IHDVLELOLW\
6XEVWXGLHVIURPWKH39'20,&6LQLWLDWLYHPD\EHDEOH WRFODULI\ZKHWKHUJUDGLHQWVRIPHWDEROLWHVDQG
F\WRNLQHVH[LVWDFURVVWKHSXOPRQDU\DQGV\VWHPLFYDVFXODWXUH$QRWKHUVWXG\OLPLWDWLRQZDVWKHODFNRI
SURWHRPLFFRPSDULVRQEHWZHHQFOXVWHUVDQGQRQ3$+FDUGLRSXOPRQDU\GLVHDVHVWKDWGLVSOD\LQIODPPDWRU\
'2,&,5&5(6$+$
VLJQDO0RVWLPSRUWDQWO\RXUDQDO\VLVZDVOLPLWHGWREORRGVDPSOLQJDWRQHWLPHSRLQWWKXVLWLVXQNQRZQ
ZKHWKHU LPPXQH SKHQRW\SHV KDYH WHPSRUDO VWDELOLW\ RU FDQ FKDQJH G\QDPLFDOO\ ZLWK WKHUDSHXWLF
LQWHUYHQWLRQV &OXVWHU SURWHRPLF SURILOHV GR QRW SURYLGH VSHFLILF LQIRUPDWLRQ DERXW FDXVDO VLJQDOLQJ
SDWKZD\V RU LPPXQH FHOO ELRORJ\ DV F\WRNLQHV DUH LQKHUHQWO\ SOHRWURSLF DQG FRXOG KDYH PXOWLSOH
VLPXOWDQHRXVVRXUFHDQGHIIHFWRUFHOOV

2XUILQGLQJVSURYLGHSURRIRIFRQFHSWIRUWKHDSSOLFDWLRQRIXQVXSHUYLVHGPROHFXODUSKHQRW\SLQJ
LQ3$+$VKLJKWKURXJKSXWWHFKQRORJLHVDGYDQFHDQGFROODERUDWLRQVIRFXVHGRQGHHS3$+SKHQRW\SLQJ
HPHUJHRSSRUWXQLWLHVWROHYHUDJHµRPLFV¶GDWDDUHHYHULQFUHDVLQJ7KHFDSDFLW\WRH[SORLWWKLVGDWDDQG
GHFRQVWUXFW3$+KHWHURJHQHLW\ZLOOGHSHQGRQXQELDVHGVWXG\GHVLJQDQGLQQRYDWLYHLPSOHPHQWDWLRQRI
LQIRUPDWLFVWRROV2XUJHQHUDOVWXG\DSSURDFKLVFRQJUXHQWZLWKHPHUJLQJSUHFLVLRQSKHQRW\SLQJPHWKRGV
GHVFULEHGIRURWKHUFDUGLRYDVFXODUGLVHDVHVDVZHDYRLGHGUHGXFWLRQLVWUHVHDUFKVWUDWHJLHVWKDWDVVXPHD
FRPPRQ SDWKRSKHQRW\SH DFURVV SDWLHQWV IRFXV RQ D VSHFLILF PROHFXODU SDWKZD\LQWHUDFWLRQ RU DQFKRU
PROHFXODUDQDO\VLVWRFHUWDLQFOLQLFDOVXEJURXSV:HDOVRLPSOHPHQWHGLQIRUPDWLFVPHWKRGVZLWKLQWHQWWR
VLGHVWHSELDV:HULJRURXVO\DSSOLHGDUHVDPSOLQJEDVHGPDFKLQHOHDUQLQJDSSURDFKIRUFOXVWHULQJZKHUH
REMHFWLYH FULWHULD DORQH GHWHUPLQHG DOJRULWKP LQSXW SDUDPHWHUV DQG WKH QXPEHU RI GLVFRYHUHG FOXVWHUV
5DWKHUWKDQPHUHO\ILQGGLIIHUHQWLDOO\H[SUHVVHGF\WRNLQHVDFURVVSKHQRW\SHVZHXVHGSDUWLDOFRUUHODWLRQ
QHWZRUNVWRDQDO\]HDQGLGHQWLI\FHQWUDOF\WRNLQHVZLWKLQWKHFRQWH[WRIDQLQWHUUHODWHGV\VWHP

$GGLWLRQDOUHVHDUFKLVZDUUDQWHGWRHOXFLGDWHLIGLVFRYHUHGLPPXQHFOXVWHUVUHSUHVHQWHQGRW\SHV
ZLWKPHFKDQLVWLFDOO\GLVWLQFWDQGWKHUDSHXWLFDOO\WDUJHWDEOHIRUPVRILQIODPPDWLRQ,QIXWXUHVWXG\ZHZLOO
UHDVVHVV LPPXQH SURILOHV ORQJLWXGLQDOO\ WR HYDOXDWH LI WKHUH LV WHPSRUDO VWDELOLW\ RU HYROXWLRQ ZLWK
LQWHUYHQWLRQVDQGFOLQLFDOGLVHDVHSURJUHVVLRQ)RUWKFRPLQJDQDO\VHVVKRXOGLQFRUSRUDWHGLVHDVHGFRQWUROV
ZLWKRXW 3$+ DQG FDSWXUH WKH UHODWLRQVKLS EHWZHHQ LPPXQH FOXVWHUV DQG KHDUW IDLOXUHUHODWHG
KRVSLWDOL]DWLRQV7RGHHSHQRXUPROHFXODUSKHQRW\SLQJDSSURDFKZHLQWHQGWRH[SDQGWKHF\WRNLQHDQG
FKHPRNLQHSDQHOEURDGO\DVVHVVWKHFLUFXODWLQJLPPXQHFHOOODQGVFDSHWRLGHQWLI\DFWLYDWHGVXEVHWVWKDW
FKDUDFWHUL]H FOXVWHUV DQG ZDUUDQW in vitro VWXG\ H[DPLQH WUDQVFULSWRPLF SURILOHV RI SHULSKHUDO EORRG
PRQRF\WHVDQGSXOPRQDU\DUWHU\(&VVDPSOHGGXULQJFDWKHWHUL]DWLRQWRDVFHUWDLQGLIIHUHQWLDOO\H[SUHVVHG
WUDQVFULSWVDQGHQULFKHGELRORJLFDOSDWKZD\VDQGDQDO\]HKLVWRSDWKRORJ\LQH[SODQWHGOXQJVIURPWUDQVSODQW
UHFLSLHQWV DFURVV FOXVWHUV 7KLV PXOWLPRGDO SKHQRW\SLQJ VWUDWHJ\ FRXOG HOXFLGDWH FOXVWHUVSHFLILF
SDWKRELRORJ\ DQG FRPSUHKHQVLYHO\ HVWDEOLVK 3$+ LPPXQH HQGRW\SHV :H XOWLPDWHO\ HQYLVLRQ WKH
GHYHORSPHQWDRISRLQWRIFDUHWHVWWKDWIHDVLEO\VWUDWLILHVLPPXQHHQGRW\SHVDQGJXLGHVWKHVHOHFWLRQRI
SUHFLVLRQLPPXQHWDUJHWLQJWKHUDSLHV



$87+25&2175,%87,216
$OO DXWKRUV FRQWULEXWHG WR VWXG\ GHVLJQ GDWD FROOHFWLRQ DQG LQWHUSUHWDWLRQ $-6 DQG 57= ZURWH DQG
SUHSDUHGWKHPDQXVFULSWZLWKFULWLFDOLQSXWDQGUHYLVLRQVSURYLGHGE\+.+9-%/.%$/05105
DQG3.57=GLUHFWVSXOPRQDU\K\SHUWHQVLRQELREDQNDQGFOLQLFDOGDWDEDVHIURPZKLFKGLVFRYHU\FRKRUW
GLVHDVHVDPSOHVDQGFOLQLFDOGDWDZHUHREWDLQHG)+FRQWULEXWHGKHDOWK\FRQWUROVDPSOHVIRUWKHVWXG\$/
30+ DQG 5$& SURYLGHG YDOLGDWLRQ FRKRUW GLVHDVH VDPSOHV DQG FOLQLFDO GDWD :+5 SURYLGHG WKH
HTXLSPHQW IDFLOLW\ DQG VXSSRUW QHFHVVDU\ IRU SURWHRPLF PHDVXUHPHQWV $+ KDG DQ LPSRUWDQW UROH LQ
FOLQLFDOGDWDH[WUDFWLRQ$-6FRQGXFWHGGDWDDQDO\VHVZLWKJXLGDQFHSURYLGHGE\3.+.+9-%DQG57=

6285&(62))81',1*
7KLVPDQXVFULSW UHSRUWV LQGHSHQGHQW UHVHDUFK WKDWZDVVXSSRUWHGE\ WKH9HUD0RXOWRQ:DOO&HQWHU IRU
3XOPRQDU\9DVFXODU'LVHDVHDW6WDQIRUG8QLYHUVLW\IXQGVIURP1,+JUDQWV.+/$-6DQG
1+90557=DQG:+5DQGWKH%OXH/LSV)RXQGDWLRQ57=DQG$-6$-6LVVXSSRUWHG
E\WKH1,+1+/%,&DUHHU'HYHORSPHQW3URJUDPLQ2PLFVRI/XQJ'LVHDVHVDSURJUDPGLUHFWHGE\05
DQG0517KH6KHIILHOG3XOPRQDU\+\SHUWHQVLRQ%LREDQNVRXUFHRIYDOLGDWLRQFRKRUWVDPSOHVKDVEHHQ
'2,&,5&5(6$+$
VXSSRUWHG E\ WKH 1DWLRQDO ,QVWLWXWH IRU +HDOWK 5HVHDUFK 6KHIILHOG &DUGLRYDVFXODU %LRPHGLFDO 5HVHDUFK
8QLW WKH 6KHIILHOG &OLQLFDO 5HVHDUFK )DFLOLW\ DQG D %ULWLVK +HDUW )RXQGDWLRQ SURMHFW JUDQW
3*30+LVD'RQDOG+HDWK&OLQLFDO5HVHDUFK7UDLQLQJ)HOORZDQG$/LVD%ULWLVK+HDUW
)RXQGDWLRQ6HQLRU%DVLF6FLHQFH5HVHDUFK)HOORZ)67KHYLHZVH[SUHVVHGDUHWKRVHRIWKH
DXWKRUV DQG QRW QHFHVVDULO\ WKRVH RI WKH IXQGLQJ VRXUFHV )XQGLQJ VRXUFHV ZHUH QRW LQYROYHG LQ VWXG\
GHVLJQGDWDFROOHFWLRQDQDO\VLVLQWHUSUHWDWLRQRIUHVXOWVRUPDQXVFULSWZULWLQJ$XWKRUVKDGIXOODFFHVVWR
WKHGDWDDQGXOWLPDWHUHVSRQVLELOLW\IRUWKHGHFLVLRQWRVXEPLWIRUSXEOLFDWLRQ

',6&/2685(6
$OODXWKRUVGHFODUHQRFRPSHWLQJILQDQFLDOLQWHUHVWVUHOHYDQWWRWKHVXEPLWWHGZRUN



5()(5(1&(6

 6LPRQQHDX**DW]RXOLV0$$GDWLD,&HOHUPDMHU''HQWRQ&*KRIUDQL$*RPH]6DQFKH]0$
.ULVKQD.XPDU5/DQG]EHUJ00DFKDGR5)2OVFKHZVNL+5REELQV ,0DQG6RX]D58SGDWHG
FOLQLFDOFODVVLILFDWLRQRISXOPRQDU\K\SHUWHQVLRQ-$P&ROO&DUGLRO'

 %DUQHV -: DQG 'ZHLN 5$ 3XOPRQDU\ +\SHUWHQVLRQ DQG 3UHFLVLRQ 0HGLFLQH WKURXJK WKH 2PLFV
/RRNLQJ*ODVV$P-5HVSLU&ULW&DUH0HG

 'ZHLN5$5RXQGV6(U]XUXP6&HWDODQG3KHQRW\SHV$76&R3+$QRIILFLDO$PHULFDQ7KRUDFLF
6RFLHW\6WDWHPHQWSXOPRQDU\K\SHUWHQVLRQSKHQRW\SHV$P-5HVSLU&ULW&DUH0HG


 5REELQV ,0 0RRUH 70 %ODLVGHOO &- DQG $EPDQ 6+ 1DWLRQDO +HDUW /XQJ DQG %ORRG ,QVWLWXWH
:RUNVKRS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WKHGLVFRYHU\VWDJH

)LJXUH'LVFRYHU\FRKRUW>$@+HDWPDSRIVWDQGDUGL]HGSDWLHQWOHYHOSURWHRPLFPHDVXUHPHQWVE\
3$+FOXVWHU+HDWPDSFROXPQVUHSUHVHQWLQGLYLGXDOSDWLHQWVJURXSHGDFFRUGLQJWRWKHFOXVWHUVGLVFRYHUHG
E\ XQVXSHUYLVHG FRQVHQVXV FOXVWHULQJ DQG HDFK URZ LV DQ DVVD\HG SURWHLQ 0HDVXUHG SURWHLQ PHGLDQ
IOXRUHVFHQFH LQWHQVLW\ 0), LVGLVSOD\HGDVDFRORUFRGHG]VFRUH VWDQGDUGGHYLDWLRQVDERYHRUEHORZ
FRKRUWPHDQ+HDOWK\FRQWUROSURWHRPLFPHDVXUHPHQWVDUHVKRZQLQWKHIDUULJKWSDQHO+HDWPDSURZVDUH
RUGHUHG EDVHG RQ KLHUDUFKDO FOXVWHULQJ RI SURWHLQV GHQGRJUDP QRW VKRZQ VROHO\ IRU WKH SXUSRVH RI
YLVXDOL]DWLRQ>%@3ULQFLSDOFRPSRQHQWDQDO\VLVRIFOXVWHUSURWHRPLFSURILOHVUHODWLYHWRFRQWUROV,QD
VFDWWHUSORWRIWKHILUVWWZRSULQFLSDOFRPSRQHQWV3&YV3&WKHPXOWLYDULDEOHSURWHRPLFSURILOHRIHDFK
3$+SDWLHQW LV UHGXFHG WRDVLQJOHGRWDQGFRORUHGDFFRUGLQJ WRFRQVHQVXVFOXVWHUDVVLJQPHQW+HDOWK\
FRQWUROVDUHDOVRVKRZQDVDUHIHUHQFH

)LJXUH'LVFRYHU\FRKRUWSURWHLQSURWHLQQHWZRUNDQDO\VLVE\FOXVWHU>$@6SDUVHFRUHQHWZRUNV
)RUHDFKFOXVWHUDQXQGLUHFWHGZHLJKWHGSDUWLDOFRUUHODWLRQQHWZRUNLVFRQVWUXFWHGDVDIRUFHGLUHFWHGJUDSK
1HWZRUNQRGHVUHSUHVHQWLQGLYLGXDOSURWHLQVDQGQRGHVL]HUHIOHFWVWKHGHWHFWHGSODVPDOHYHOLQUHVSHFWLYH
FOXVWHUV(GJHVFRQQHFWQRGHSDLUVDQGHGJHZHLJKWVDUHSURSRUWLRQDOWRSURWHLQSURWHLQSDUWLDOFRUUHODWLRQV
UHG SRVLWLYHEOXH QHJDWLYH7KHVH VSDUVHFRUHQHWZRUNV UHIOHFWJUDSKLFDO/$662UHJXODUL]DWLRQ OHVV
VLJQLILFDQWHGJHVUHPRYHGIURPVDWXUDWHGQHWZRUNVGLVSOD\HGLQ2QOLQH)LJXUH,,,>%@&HQWUDOSURWHLQV
LQ FOXVWHU QHWZRUNV $ 9HQQ GLDJUDP KLJKOLJKWV SURWHLQV ZLWK FHQWUDOLW\ LQ HDFK FOXVWHU QHWZRUN ,Q
TXDQWLWDWLYH QHWZRUN DQDO\VLV WKHVH SURWHLQV ZHUH XSUHJXODWHG PHDQ FOXVWHU SODVPD OHYHO JUHDWHU WKDQ
RYHUDOO3$+FRKRUWDQGKDGQHWZRUNFHQWUDOLW\DWOHDVWWZRRIWKUHHFHQWUDOLW\LQGLFHV>VWUHQJWKFORVHQHVV
DQGEHWZHHQQHVV@H[FHHGHGPHDQRIDOOQHWZRUNQRGHVGDWDVKRZQLQ2QOLQH)LJXUH,9

)LJXUH'LVFRYHU\FRKRUWFOLQLFDOFRPSDULVRQRIFOXVWHUV>$@3$+HWLRORJ\6WDFNHGEDUVGLVSOD\WKH
GLVWULEXWLRQRIXQGHUO\LQJ3$+HWLRORJLHVZLWKLQHDFKPDFKLQHOHDUQHGSURWHRPLFSDWLHQWFOXVWHU>%@1RQ
LQYDVLYH FOLQLFDO ULVN VXUURJDWHV )RU PXOWLSOH ZHOOHVWDEOLVKHG ULVN PDUNHUV EDU SORWV LQGLFDWH WKH
SHUFHQWDJHRISDWLHQWVLQHDFKFOXVWHUZLWKKLJKULVNVWDWXVWRSSDQHODQGORZULVNVWDWXVERWWRPSDQHODW
WKH WLPH RI SURWHRPLF VDPSOLQJ >&@ 7UDQVSODQWIUHH VXUYLYDO DQDO\VLV .DSODQ0HLHU HVWLPDWHV RI
WUDQVSODQWIUHHVXUYLYDOIURPWKHWLPHRISODVPDVDPSOLQJDUHGLVSOD\HGIRUHDFKFOXVWHUDQGFRPSDUHGE\
ORJUDQNWHVW6XUYLYDOFXUYHFURVVWDJVLQGLFDWHFHQVRULQJDQGWKHQXPEHURISDWLHQWVUHPDLQLQJDWULVN
RYHUWLPHLVVKRZQ

)LJXUH  9DOLGDWLRQ FRKRUW >$@ +HDWPDS RI SDWLHQWOHYHO SURWHRPLF PHDVXUHPHQWV E\ FOXVWHU
,QGLYLGXDOSDWLHQWVFROXPQVDUHJURXSHGE\LPPXQHFOXVWHUDQGPHDVXUHGSURWHLQVURZVDUHLQWKHVDPH
RUGHUDVWKDWGLVSOD\HGIRUWKHGLVFRYHU\FRKRUWVHH)LJXUH$7KHKHDWPDSVKRZVVWDQGDUGL]HGSURWHLQ
0),PHDVXUHPHQWVDVFRORUFRGHG]VFRUHV>%@3ULQFLSDOFRPSRQHQWDQDO\VLVRISURWHRPLFSURILOHVE\
FOXVWHU,QDVFDWWHUSORWRIWKHILUVWWZRSULQFLSDOFRPSRQHQWV3&YV3&WKHPXOWLYDULDEOHSURWHRPLF
GDWD IRU HDFK SDWLHQW LV UHSUHVHQWHG E\ D VLQJOH SRLQW DQG FRORUHG E\ LPPXQH FOXVWHU DVVLJQPHQW >&@
6XUYLYDO DQDO\VLV .DSODQ0HLHU HVWLPDWHV RI FOXVWHU VXUYLYDO DUH VKRZQ IURP WKH WLPH RI SURWHRPLF
'2,&,5&5(6$+$
VDPSOLQJDQGFRPSDUHGE\ORJUDQNWHVW1RFHQVRULQJRFFXUUHGDVILYH\HDUVXUYLYDOGDWDZDVDYDLODEOH
IRUDOOSDWLHQWV

)LJXUH3URWHRPLFQHWZRUNVLJQDOIRUPROHFXODUIXQFWLRQVDQGSDWKZD\VE\3$+FOXVWHU)RUSURWHLQ
VHWVWKDWUHODWHWRFHUWDLQELRORJLFDOIXQFWLRQVDQGSDWKZD\VSODVPDH[SUHVVLRQOHYHOVDQGQHWZRUNFHQWUDOLW\
PHDVXUHV DUH FRPSDUHG JUDSKLFDOO\ DFURVV 3$+ FOXVWHUV FHQWUDOLW\ PHDVXUHV GHULYH IURP WKH QHWZRUN
DQDO\VLVH[HFXWHGLQ2QOLQH)LJXUHV,,,,9(DFKILJXUHSDQHOGHQRWHVDVHWRIIXQFWLRQDOO\UHODWHGSURWHLQV
ZKHUHURZVFRUUHVSRQGWRWKH3$+FOXVWHUV)RUHDFKSURWHLQGLVSOD\HGFLUFOHVL]HLVSURSRUWLRQDOWRWKH
PHDQ SODVPD H[SUHVVLRQ OHYHO LQ D JLYHQ FOXVWHU ]VFRUH UHODWLYH WR RYHUDOO FRKRUW PHDQ &LUFOH FRORU
UHSUHVHQWV TXDQWLILHG QHWZRUN FHQWUDOLW\ IRU WKH SURWHLQ QRGH PHDQ ]VFRUH RI VWUHQJWK FORVHQHVV DQG
EHWZHHQQHVVUHODWLYHWRRWKHUQHWZRUNQRGHVLQWKHFOXVWHU

 
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What Is Known? 

x $EHUUDQWLPPXQLW\LVDUHFRJQL]HGIHDWXUHRI3$+DVLWKDVEHHQVKRZQWKDWDHOHYDWHGOHYHOVRI
FLUFXODWLQJF\WRNLQHVSRUWHQGZRUVHSURJQRVLVDQGEWKHEXUGHQRILPPXQHFHOOVDURXQGUHPRGHOHG
OXQJYDVFXODWXUHFRUUHODWHVZLWKYHVVHOWKLFNQHVVDQGKHPRG\QDPLFGLVHDVHVHYHULW\LQLGLRSDWKLF3$+

x 7KHUDSLHVWDUJHWLQJLPPXQLW\DPHOLRUDWHH[SHULPHQWDOSXOPRQDU\K\SHUWHQVLRQDQGDUHWKHIRFXVRI
FOLQLFDOWULDOVKRZHYHULWLVQRWNQRZQZKHWKHUVXEVHWVRI3$+SDWLHQWVKDYHGLIIHULQJGHJUHHVDQG
IRUPVRILQIODPPDWLRQ

x 3$+FRQVHQVXVVWDWHPHQWVKDYHFDOOHGIRULQIRUPDWLFVEDVHGPROHFXODUSKHQRW\SLQJVWXGLHVWRLGHQWLI\
HQGRSKHQRW\SHV WKDW UHYHDO VRXUFHV RI ELRORJLFDO DQG FOLQLFDO KHWHURJHQHLW\ \LHOG FODVVLILFDWLRQ
VFKHPHVUHOHYDQWWRXQGHUO\LQJSDWKRELRORJ\DQGWUDQVODWHWRSUHFLVLRQPHGLFLQH

 
What New Information Does This Article Contribute? 
 
x 8QELDVHGPDFKLQHOHDUQLQJDSSURDFKWRFODVVLI\3$+SDWLHQWVVROHO\RQWKHEDVLVRIEORRGF\WRNLQH
SURILOHVUHYHDOVIRXULPPXQHSKHQRW\SHVZLWKGLVWLQFWLQIODPPDWRU\VLJQDWXUHV

x :KLOH WKHVH LPPXQH SKHQRW\SHV GR QRW DVVRFLDWH ZLWK XQGHUO\LQJ 3$+ HWLRORJLHV GHPRJUDSKLFV
FRPRUELGLWLHV RU EDFNJURXQG PHGLFDWLRQV WKHLU FOLQLFDO GLVHDVH VHYHULW\ DQG RXWFRPHV GLIIHU
VLJQLILFDQWO\

x $QDO\VLVRISURWHLQSURWHLQLQWHUDFWLRQQHWZRUNVLPSOLFDWHGLQ3$+LGHQWLILHVDXQLTXHVHWRIFHQWUDO
F\WRNLQHVIRUHDFKSKHQRW\SH


,QXQVXSHUYLVHGPROHFXODUSKHQRW\SLQJVWXG\DQGV\VWHPVEDVHGDQDO\VLVRIWKHFLUFXODWLQJLPPXQHPLOLHX
DFURVVDOO*URXS3$+VXEW\SHVZHDVVHVVHG LQIODPPDWLRQDVDPHFKDQLVWLFDOO\UHOHYDQWSODWIRUPIRU
SDWLHQWFODVVLILFDWLRQ$SSO\LQJDQXQELDVHGPDFKLQH OHDUQLQJDSSURDFK WRGHFRQVWUXFWEORRGSURWHRPLF
SURILOHV ZLWKRXW JXLGDQFH IURP FOLQLFDO IHDWXUHV ZH XQFRYHUHG IRXU LPPXQH SKHQRW\SHV ZLWK GLVWLQFW
FLUFXODWLQJLQIODPPDWRU\SURILOHVWKDWDUHLQGHSHQGHQWIURPFOLQLFDOVXEW\SHV:KLOHWKLVSURWHRPLFEDVHG
FODVVLILFDWLRQVWUDWHJ\ZDVQRWVSHFLILFDOO\LQWHQGHGWRSURJQRVWLFDWHLWVWUDWLILHGVXEJURXSVZLWKGLIIHULQJ
FOLQLFDOULVNPHWULFVDQGORQJWHUPVXUYLYDO7RHOXFLGDWHSKHQRW\SHVSHFLILFSDWKRELRORJ\DQGFDQGLGDWH
GUXJ WDUJHWVZHDQDO\]HG WKHSURWHRPLFSURILOHVDV LQWHUUHODWHGQHWZRUNVDQG LGHQWLILHGDXQLTXHVHWRI
FHQWUDO F\WRNLQHV IRU HDFK SKHQRW\SH 7KHVH ILQGLQJV SURYLGHV HYLGHQFH WKDW LQIODPPDWLRQ LV D YLDEOH
SODWIRUPIRU3$+SUHFLVLRQHQGRW\SLQJ)XUWKHUUHVHDUFKLVZDUUDQWHGWRH[DPLQHWKHWHPSRUDOHYROXWLRQ
RISURWHRPLFSURILOHVGXULQJGLVHDVHSURJUHVVLRQ8OWLPDWHO\WKHVHSKHQRW\SHVPLJKWLQIRUPPHFKDQLVWLF
VWXGLHVRIGLVHDVHSDWKRJHQHVLVLGHQWLI\SDWLHQWVPRUHOLNHO\WRUHVSRQGWRFHUWDLQWKHUDSLHVDQGJXLGHWKH
VHOHFWLRQRIHQULFKHGFOLQLFDOWULDOFRKRUWV
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